I. INTRODUCTION
In recent years, there has been renewed interest in thermophotovoltaic (TPV) based energy-conversion systems. This is due to advances in conventional photovoltaics (PV) based on III-V semiconductors, as well as the growing need for efficient energy sources for terrestrial and space applications [1] . In a TPV system, an intermediate radiator absorbers energy from an external heat source and then reradiates the radiation to a PV conversion cell. In most designs, a filter or selective emitter is used to restrict the wavelength of the photons emitted by the radiator. In this way, only photons close to the bandgap of the conversion cell material are harvested into electrical power, and the radiator can be kept at a higher temperature.
There is interest in using TPV systems to harvest energy from a number of different heat sources. Solar thermophotovoltaics using concentrated sunlight have a maximum theoretical efficiency of 85% [2] , compared to the 41% detailed balance limit for a single p-n junction [3] . However, reaching this target is unlikely, because it requires a very high radiator temperature (2,500 K) and a very high ratio of emitter to absorber area for the radiator. Nevertheless, recent analysis has shown that more realistic solar TPV systems may still be able to achieve efficiencies close to or above 50% [4] - [5] . In addition, the TPV concept can be applied to harvest energy from nuclear sources [6] , the "waste energy" from fossil fuel combustion, and other heatgenerating systems [7] .
In contrast to direct solar energy conversion, where the PV cell is designed to capture light from a source of T sun ≈5,800 K, the TPV cell is converting light from a radiator that is typically heated to a temperature of 1,000-2,000 K. Because the photons emitted from a radiator at this temperature are primarily in the infrared, narrow bandgap materials are preferred as the absorbing material in the converter cell. Current TPV research is primarily concentrated on converter cells utilizing InGaAs, GaSb, as well as various combinations of the GaInAsSbP alloy, as the absorbing material [8] - [10] . This research has primarily been targeted towards absorbers with material bandgaps of ~0.50 eV. Detailed balance calculations suggest that even narrower bandgap materials (200-400 meV) may be preferred for radiators heated to temperatures of 1,500 K or less [11] - [12] . However, it can be difficult to realize high performance devices based on narrow bandgap materials due to high non-radiative recombination rates and material quality issues.
Over the past ~15 years, there has been a surge of research into the use of InAs/Ga(In)Sb superlattices (SL) for the next generation of mid-infrared detectors [13] . The type-II broken gap alignment between InAs and Ga(In)Sb allows the bandgap of these SLs to be tuned from zero to about 500 meV. It is believed that these SLs may offer better material uniformity and easier processing than other narrow-bandgap semiconductors. There have also been optimistic theoretical projections that relatively low Auger recombination rates can be obtained in this material system [14] . In addition, the broken-gap alignment allows for the PV converter cells to be based on interband-cascade structures. In an interband cascade photovoltaic device (IC PV) [15] , the standard p-i-n junction architecture is replaced by one in which the cell absorber is sandwiched between electron and hole barriers that are designed to create a preferred direction of current flow for the electrons and holes photo generated in the in the absorber. With the use of interband tunneling, this type of structure quite naturally allows realization of tandem cell configurations.
In this work, we will present the basic concept of IC PV devices that utilize InAs/GaSb SL absorbers, and review our recent progress in their development.
II. INTERBAND CASCADE STRUCTURES FOR TPV
Interband cascade structures are semiconductor heterostructures that achieve carrier rectification by using unipolar barrier regions that block the conduction of one carrier type (electron or hole), and allow conduction of the other type. A schematic for a generic IC PV device under forward bias is shown in Fig. 1 . These devices use a discrete absorber architecture with multiple stages. An individual stage consists of an absorber region, as well as electron and hole barrier regions that have type-II alignment with the absorber. For the various regions to be in proper alignment, the valence-band (VB) maximum of the hole barrier should be lower than the VB maximum of the absorber, which in turn should be lower than the VB maximum of the electron barrier. In addition, the conduction-band (CB) minimum of the hole barrier should also be lower than the VB maximum of the electron barrier so that the CB and VB of adjacent absorbers are connected in series through interband tunneling. When multiple stages are stacked together, this forms a tandem-cell configuration. Incident photons generate electrons and holes in the absorber layers. The carriers will tend to flow in the direction away from their respective barriers and recombine with carriers generated in an adjacent absorber at the interface (indicated by dashed line in Fig. 1 ) of the electron and hole barriers.
For PV devices, the tandem-cell configuration has two distinct advantages. The first is the ability to use absorber materials of different bandgaps in different stages. This aids in minimizing the thermalization loss that occurs when absorbing photons with energies well above the material bandgap. The second advantage is the ability to minimize the entropy generated due to the finite mobility of the absorber material [16] . This is achieved by keeping the absorber lengths shorter than the diffusion length of the absorber material. In this way, the collection and recombination of generated carriers at the interface of the electron and hole barriers is a very fast and efficient process. Ideally, the carriers in the CB and VB of different absorbers, which are connected in series through interband tunneling, are in chemical equilibrium and would thus share a common quasi-Fermi level. Consequently, real IC PV devices should be able to operate in the "infinite mobility" regime where the current is no longer diffusion limited, but is limited by the generation-recombination rate in the absorber. This is similar to the proposed parallel multijunction cell in Ref. 17 . Note that multiple stage IC PVs will have reduced photocurrent, because it is limited to the carrier generation rate per area in a single absorber. However, the voltage will be much higher. For a device with N s stages, there will be N s +1 distinct quasi-Fermi levels. Adding additional stages to interband cascade structures can be thought of as trading a lower current for a higher voltage. Thus, for materials with short diffusion lengths, tandem cells can help make a more efficient use of incident photons. This applies even when the absorber bandgaps in different stages are the same. Thus, tandem cell IC PV should be useful even in TPV systems that utilize selective emitters or narrow bandwidth filters.
The challenge in realizing a tandem-cell configuration using an IC PV architecture is finding an appropriate combination of materials for the absorber, and electron and hole barriers. To our knowledge, there is no lattice-matched material combination that would allow such a heterostructure to be grown using purely bulk materials. Thus far, all interband cascade based optoelectronic devices have been realized from quantum structures using materials from the 6.1 Å family of InAs, GaSb, AlSb, and their related alloys. This is an appropriate material system due to the type-II broken-gap alignment between InAs and GaSb, and the suitablilty of wide-bandgap AlSb for forming quantum well (QW) barrier layers. To date, our IC PV devices have all had similar structural configurations based on this material system [15] . The binary-binary InAs/GaSb type-II SL has been used as the absorber material. The electron and hole barriers have been formed from multiple QW systems. GaSb and AlSb layers formed the well and barrier materials for QWs in the electron barrier, while InAs and AlSb formed the well and barrier materials for the QW in the hole barrier. Although, using QW systems complicates the material growth, it offers the ability to optimize the barrier structures for effective conduction and blocking of different carriers. For example, the hole barrier is typically digitally graded to allow fast relaxation of electrons between well ground states via the LO-phonon interaction. In the next section, we detail the specifics of our recent devices.
III. DEVICE DESIGN AND FABRICATION
In this work, we studied a series of devices fabricated from a wafer consisting of seven cascade stages. Each absorber was made up of a 33-period InAs/GaSb (7/9 monolayers) type-II SL, where the GaSb layers were p-doped with a targeted dopant concentration of 3.0x10 17 cm -3 . The total thickness of each absorber was ~0.15 µm, which is much less than the expected diffusion length. The absorbers for each stage were made identical to keep the material growth simple. In the future, we will design current-matched stages and explore the possibility of using different bandgap absorbers for spectral splitting. The electron barrier in the devices was composed of alternating layers of AlSb and GaSb with layer thickness of 16/53/16/75, where the normal and bold numbers represent GaSb and AlSb respectively. This "enhanced" electron barrier is thicker than those used in the design of our previous IC PV devices [15] , and has been shown to reduce the dark current in interband cascade infrared photodetectors [18] . The hole barrier was composed of InAs, AlSb, and AlInSb, with a digitally graded layer thickness sequence given by 20/81/20/66/21/55/22/47.5/23/42/24/37.5/25/34/26/31/32, where normal, bold, and bold italic represent InAs, AlSb, and AlInSb respectively. Both the electron-and hole-barrier regions were left undoped.
The calculated bandstructure at 300 K for adjacent two stages under forward bias is shown in Fig. 2 . The lowest electron (hole) minibands of the SL absorber are represented by the large blue (red) rectangles. The ground-state energies and wavefunctions of the QWs in the electron and hole barriers are also shown. The energy levels and wavefunctions were found using a Schrodinger-Poisson solver, under the approximation that the CB and VB absorber states that are connected in series can be described by a common quasiFermi level (in accordance with the discussion in the previous section). The positions of each of the three quasi-Fermi levels in the two stages are denoted by black dashed-dotted lines.
The IC PV structure was grown on a (001) GaSb substrate using molecular beam epitaxy (MBE). The total structure grown consisted of a 0.3-µm-thick p-type GaSb buffer layer, followed by the 7-stage interband cascade structure, and finally a 45-nm-thick n-type InAs top contact layer.
After growth, the wafer was processed into deep-etched devices, by using standard contact UV lithography followed by tartaric-acid-based wet-chemical etching. We measured device performance using mesas ranging from 100 to 400 µm in diameter.
IV. DEVICE PERFORMANCE AND DISCUSSION
The fabricated devices were mounted in an LN 2 -cooled cryostat for characterization. For each device, the spectralcurrent responsivity, as well as the current-voltage characteristic curve under dark conditions and illumination of a 1,200 K blackbody were measured from 80 to 340 K in 20 K intervals. The cutoff wavelengths of the devices were 4.0 µm at 80 K and 5.0 µm at 300 K, which correspond to absorber bandgaps of approximately 310 and 250 meV, respectively. At 80 K, a 400 µm mesa IC PV (device A) showed a fairly high short-circuit current density of 5.5 A/cm 2 . The corresponding open-circuit voltage was 1.6 V, which was 75% of the effective bandgap (equal to the single stage bandgap times the number of stages). This is about 5% higher than our previously reported result for a device with a cutoff wavelength of 5.0 µm at 80 K [15] . Figure 3 shows the open-circuit voltage and shielded dark current density at bias voltages of -5 mV and -50 mV as a The full dark current characteristics of device B over the whole temperature range are shown in Fig. 4 . The values of the dark current are comparable with the best values obtained for InAs/GaSb SL infrared detectors with similar bandgaps (e.g. < 0.1 mA/cm 2 at -50 mV at 300 K). However, it should be noted that, under reverse bias the current does not appear to approach a saturation point. This is especially true at low temperatures, where the current density rises by about two orders of magnitude as the voltage decreases from -0.5 V to -2.0 V. We will speculate on the reasons and impact of this observation below. The photocurrent characteristics of device B under forward bias at various temperatures are shown in Fig. 5 . Compared to the dark current characteristics, a two order of magnitude increase in the current is observed when the device is illuminated. The inset shows the measured spectral current responsivity of the device at 80 K.
Although these responsivity values may not appear very high, it should be kept in mind that this is partially due to the multiple-stage configuration and short absorbers, as described above. Although these results represent promising progress in the development of IC PV devices, much improvement is still required in order for these devices to be competitive with current TPV technology. The open circuit voltage at room temperature was quite small (~2 meV for device B). The reason for this may be found by interpreting the reverse-bias characteristics. Because TPV cells typically utilize narrow bandgap materials, their non-radiative recombination rates tend to be quite high. Although forward bias is required for energy conversion, the mechanisms which lead to non-ideal current conduction in reverse bias are often the same mechanisms that limit the open-circuit voltage in forward bias.
In an ideally operating p-doped IC PV device with equal length absorbers of length d and perfect electron and hole barriers, (i.e carrier tunneling across or thermionic emission over the barrier is prohibited) the application of reverse bias will deplete the minority carriers in the absorbers. As the voltage increases, the current should reach a saturation current density, J d , when the absorbers become completely depleted. . In the case where Shockley-Read-Hall processes mediate the carrier generation, the saturation current density is given by [19] : where n i is the intrinsic carrier concentration and τ g is the generation time in the absorber. It is clear from Fig. 4 that this expected current saturation is not occurring. This could be explained by imperfect confinement of the barriers, most likely the electron barrier. Although our calculated direct tunneling time for an electron from the absorber of one stage to the hole barrier of the adjacent stage is quite long (>100 µs [18] ), it is possible this process could be facilitated by midgap defects. This is analogous to trap-assisted tunneling in pi-n diodes, which is often a source of leakage current in these devices. The process of an electron tunneling across the electron barrier has the same effect on the overall carrier distribution as recombination within the absorber, because the final state of the two possible channels share the same quasiFermi energy. The escape of electrons across the electron barrier leads to higher leakage currents under reverse bias and lower open-circuit voltages. The leakage could also be due to carrier conduction through current-carrying states at the surface. Identifying and shutting off these additional darkcurrent transport channels will be necessary to have high performance IC PV at the desired operating temperatures.
V. CONCLUSION
In this paper, we have presented an overview of the operation principles of IC PV devices, as well as our recent progress in the development of mid-IR IC PV devices targeted for use in TPV cells. At low temperatures, we observe good photoresponse characteristics and fairly high open-circuit voltages. The performance of the devices was much improved compared to our prior reported results. However, at room temperature, the open-circuit voltage is still quite low. We speculate the open-circuit voltage is limited by the presence of additional transport channels: either mid-gap defects in the electron barrier, or current-carrying states along the surface.
In conclusion, even though all the devices presented here and in our previous publications have had a similar design for the absorber, and electron and hole barriers, the IC PV device concept is quite flexible. For instance, if one wants to circumvent the growth of InAs/GaInSb SLs with reduced interfaces, it should be possible to construct a IC PV cell using GaInAsSb alloy material as the absorber material, with GaSb (or GaSb/AlSb QWs) as the electron barrier and a similar hole barrier, as we have used. This can be used either as a substitute for the SL absorber, or as the short wavelength absorber in a spectrum-splitting tandem cell. Given the advantages of tandem-cell configurations, the flexibility of the IC PV architecture should provide the opportunity to realize high performance TPV converters.
